pathway that eliminates maternal mRNAs in the bulk cytoplasm of activated Drosophila melanogaster eggs. We previously showed that SMG destabilizes maternal Hsp83 mRNA by recruiting the CCR4-NOT deadenylase to trigger decay; however, the cis-acting elements through which this was accomplished were unknown. Here we show that Hsp83 transcript degradation is regulated by a major element, the Hsp83 mRNA instability element (HIE), which maps to a 615-nucleotide region of the open reading frame (ORF). The HIE is sufficient for association of a transgenic mRNA with SMG protein as well as for SMG-dependent destabilization. Although the Hsp83 mRNA is translated in the early embryo, we show that translation of the mRNA is not necessary for destabilization; indeed, the HIE functions even when located in an mRNA's 3 untranslated region. The Hsp83 mRNA contains eight predicted SMG recognition elements (SREs); all map to the ORF, and six reside within the HIE. Mutation of a single amino acid residue that is essential for SMG's interaction with SREs stabilizes endogenous Hsp83 transcripts. Furthermore, simultaneous mutation of all eight predicted SREs also results in transcript stabilization. A plausible model is that the multiple, widely distributed SREs in the ORF enable some SMG molecules to remain bound to the mRNA despite ribosome transit through any individual SRE. Thus, SMG can recruit the CCR4-NOT deadenylase to trigger Hsp83 mRNA degradation despite the fact that it is being translated.
During animal oogenesis and early embryogenesis, posttranscriptional gene regulation represents an essential mechanism for the control of gene expression. Mature oocytes and early embryos are transcriptionally quiescent and rely upon maternally supplied mRNAs deposited during oogenesis (5, 37) . Often, multiple mechanisms of posttranscriptional control act coordinately to precisely regulate the spatial and temporal expression of proteins derived from these maternal mRNAs (23, 25) .
In Drosophila melanogaster, the first 2 1 ⁄2 hours of embryogenesis are programmed by maternal mRNAs (38) . A surprisingly large fraction of the protein coding genome is present in this maternal transcript pool, with between one-half and twothirds of all mRNAs being represented (16, 21, 35) . Between a quarter and a third of these maternal mRNAs are eliminated during the maternal-to-zygotic transition that occurs prior to cellularization 3 hours after fertilization (16, 21, 35, 37) . Two degradation pathways direct elimination of these transcripts (3, 4) . The first is termed the "maternal degradation pathway" because it is comprised of an exclusively maternally encoded machinery that is triggered upon egg activation, prior to fertilization (4, 36) . The second, termed the "zygotic degradation pathway" since it requires both fertilization and zygotic transcription, initiates approximately 2 hours into embryonic development (4) . The identification of these two decay activities allows maternal mRNAs to be categorized according to whether they are targeted exclusively by the maternal degradation pathway (e.g., nanos and polar granule component), exclusively by the zygotic degradation pathway (e.g., hunchback), by both activities (e.g., Hsp83 and string), or by neither (e.g., rpA1, rp49, and ␣Tub84B) (4, 16, 30, 31, 35, 36) .
A major regulator of transcript destabilization is the RNAbinding protein SMAUG (SMG), whose function is required for elimination of two-thirds of the mRNAs attacked by the maternal pathway (35) . Analyses of Hsp83 mRNA have shown that SMG acts as a specificity factor, recruiting the CCR4-NOT deadenylase, thus initiating decay through deadenylation (30) . SMG's sterile-alpha motif (SAM) domain binds to specific stem-loops termed SMG recognition elements (SREs) (2, 11-13, 32, 33) . However, mutation of four computationally predicted SREs in the open reading frame (ORF) of Hsp83 had no effect on the kinetics of transcript decay (30) , raising several possibilities: that additional SREs might reside in the Hsp83 mRNA, that SMG recognizes a novel cis element in the Hsp83 mRNA, or that SMG's interaction with Hsp83 mRNA is indirect. Subsequent to those analyses it was shown that VTS1, the Saccharomyces cerevisiae homolog of SMG, can bind to SREs with a loop up to 7 nucleotides (nt) long, CNGGN 0-3 (1) . In addition, the crystal structure indicated that SRE binding involves limited sequence specificity, through recognition of the G residue at position 3 of the loop, in combination with recognition of the tertiary structure of the SRE (1) . Thus, sequences that adopt a similar shape and contain a G residue in the correct context-but do not match the current SRE consensus-could, in principle, also be bound by VTS1/SMG (1) .
Given the complexity of VTS1/SMG transcript recognition, here we took an unbiased approach to mapping the cis elements in the Hsp83 mRNA that are required for destabilization, using hybrid transgenic mRNAs that fused parts of the Hsp83 mRNA to parts of a stable mRNA, rpA1. These hybrid mRNAs enabled us to test different parts of the Hsp83 transcript for a role in mRNA destabilization via the maternal degradation machinery (i.e., in unfertilized eggs) and via SMG (i.e., in smg mutants). Using this strategy, we mapped a major instability element-which we have termed the Hsp83 mRNA instability element (HIE)-within the ORF. The HIE is sufficient to strongly destabilize rpA1 mRNA when inserted into its ORF. The presence of the HIE within the ORF suggested that translation of the Hsp83 mRNA might be required for transcript destabilization. However, the HIE retained its activity as an instability element even when inserted into a 3Ј untranslated region (UTR), indicating that translation is not needed. We show that the HIE functions together with auxiliary elements in the more 5Ј part of the Hsp83 ORF as well as in its 3Ј UTR to direct transcript destabilization. One of these auxiliary elements is the previously identified Hsp83 degradation element (HDE), a 97-nt region within the Hsp83 3Ј UTR (4) .
Eight computationally predicted SREs are present in the Hsp83 mRNA; all reside in its ORF, and six map to the HIE. We show that the HIE is sufficient to direct association with SMG protein as well as to confer SMG-dependent transcript instability. A single-amino-acid substitution that abrogates SMG's ability to bind SREs prevents Hsp83 transcript destabilization. Furthermore, simultaneous mutation of all eight predicted SREs (without substantially altering the coding capacity of the ORF) stabilizes the transcript. We conclude that SMG binds directly to the Hsp83 mRNA's ORF, thus recruiting the CCR4-NOT deadenylase and triggering transcript elimination despite the fact that Hsp83 transcripts are actively translated.
MATERIALS AND METHODS
Fly stocks. Drosophila melanogaster wild-type stocks included y w 1118 and w 1118 . Both of these genetic backgrounds were used for the generation of transgenic lines. Expression of pUASP constructs was induced using P[GAL4::VP16-nos.UTR] (41) . Due to the presence of a recessive lethal mutation(s) on the smg 1 chromosome, smg mutants were smg 1 /Df(3L)Scf R6 (12) . In some cases, a transgenic P element insertion and the smg 1 allele were recombined onto the same chromosome, which resulted in the loss of the recessive lethal mutation, and thus, smg mutants were smg 1 /smg 1 . These genetic backgrounds are noted in the text.
Construction of transgenes. (i) H-H-H.
The construct H-H-H was designed by Arash Bashirullah and contains the full-length Hsp83 transcript with a p53 epitope tag inserted 3Ј to the start codon. This transgene was constructed by Vent polymerase PCR of three fragments. The first Hsp83 fragment, H**, contained the 5Ј genomic region (876 nt), the 5Ј UTR (149 nt), the intron (1,129 nt), and start codon, flanked with a 5Ј BamHI site and a 3Ј ApaI site. The second Hsp83 fragment, *H*, was designed to contain the entire ORF with no start codon but with the stop codon (2,151 nt) and the first 6 nt of the 3Ј UTR. This fragment was flanked with a 5Ј ApaI site while two nucleotides, GC, were introduced between the ϩ2 and ϩ3 positions of the 3Ј UTR to generate a 3Ј AatII site. The third Hsp83 fragment, **H, was designed to contain the 3Ј UTR (407 nt) and downstream genomic DNA (1,281 nt total) flanked by 5Ј AatII and 3Ј KpnI sites. These three PCR fragments were subcloned into pBAAK, which is a modified pBluescript-SK vector that contained ApaI and AatII sites between the BamHI and KpnI sites, by digestion with HindIII/KpnI and insertion of annealed oligonucleotides Apa-Aat-F and Aat-Apa-R (all oligonucleotide sequences are listed in Table S1 in the supplemented material). The 5Ј fragment was first cloned into pBAAK at the BamHI/ApaI sites, generating pBAAK-H**, and the 3Ј fragment was subsequently cloned at AatII/KpnI sites to generate pBAAK-H*H. The final fragment, the ORF, was then cloned into pBAAK-H*H at ApaI/AatII sites to generate pBAAK-H-H-H. An N-terminal p53 tag was introduced at the ApaI site using annealed oligonucleotides p53-F and p53-R, thus generating an 8-amino-acid insertion immediately downstream of the start codon (the p53 epitope contains five residues). The insertion of this oligonucleotide duplex destroyed the first ApaI site and maintained the second site.
(ii) R-R-R. The construct R-R-R was designed with a strategy similar to that for H-H-H and used a full-length 2.7-kb genomic BamHI-BamHI rpA1 fragment (gift of Marcello Jacobs-Lorena) which was subcloned into pBluescript-SK (collapsed at SalI/XhoI sites) and subsequently used as a PCR template for the following fragments. The first rpA1 fragment, R**, was generated to contain the 5Ј BamHI site, 5Ј flanking genomic DNA (ϳ1 kb), the 5Ј UTR (89 nt), the start codon, the p53 tag, and an ApaI site. This fragment was PCR generated by Accuprime Pfx polymerase (Invitrogen) using primers R5-Bam-5gen-F and R5-Apa-p53-R and subsequently cloned into pBAAK at BamHI/ApaI sites to generate pBAAK-R**. The second rpA1 fragment, *R*, contained the entire ORF, minus the start codon but including the stop codon (339 nt), and was flanked by a 5Ј ApaI site and a 3Ј AatII site. This second fragment was PCR generated via Elongase (Invitrogen) utilizing the primers RO-Apa-F and RO-Aat-R and was cloned into pBAAK at ApaI/AatII sites to generate pBAAK-*R*. The third rpA1 fragment,**R, contained the entire 3Ј UTR (168 nt) and 3Ј flanking genomic DNA (ϳ1 kb) flanked by 5Ј AatII and 3Ј KpnI sites and was PCR generated using Accuprime Pfx polymerase (Invitrogen) and primers R3-Aat-F and R3-Bam-R. This third fragment contained a BamHI site at the 3Ј end just upstream of the flanking KpnI site. The third fragment was cloned into pBAAK at ApaI/ KpnI sites to generate pBAAK-**R. Once all three fragments were individually cloned into pBAAK, the vector pBAAK-R-R-R was constructed via sequential digestion and ligation of ApaI-AatII-digested pBAAK-*R* and AatII-KpnI digested pBAAK-**R fragments into the ApaI-KpnI-digested pBAAK-R** backbone.
(iii) H/R hybrid constructs. The following constructs were generated from the appropriate digestions and ligations of the BamHI-ApaI 5Ј fragment, the BamHIAatII 5Јϩ ORF fragment, the ApaI-AatII ORF fragment, the ApaI-KpnI ORF ϩ3Ј fragment, or the AatII-KpnI 3Ј fragment from the vectors pBAAK-H-H-H and pBAAK-R-R-R: pBAAK-H-H-R, pBAAK-H-R-R, pBAAK-H-R-H, pBAAK-R-R-H, pBAAK-R-H-R, and pBAAK-R-H-H.
(iv) H-H-H ⌬HDE and H-H

⌬HORF4
-H
⌬HDE
. The AatII-KpnI fragment of pBAAK-H-H-H and that of pBAAK-H-H
⌬HORF4
-H (see below), respectively, each containing the full-length Hsp83 3Ј UTR, were replaced by a corresponding AatII-KpnI fragment from pBluescript-⌬HDE vector. This fragment contained the 97-nt deletion of the HDE, and its construction has been described previously (4). For R-R lacZ -R, a 621-nt fragment of the lacZ coding sequence was PCR generated with flanking SalI sites and inserted in frame into the unique SalI site of the rpA1 ORF within the full-length 2.7-kb genomic BamHI-BamHI rpA1 fragment in pBluescript-SK (collapsed at SalI/XhoI sites) as described above. For R-R lacZ -R HDE , the BamHI-BamHI fragment of R-R lacZ -R was subcloned into pUC18. In this vector backbone, a polylinker was inserted into the rpA1 3Ј UTR at the NgoMI site, which introduced AvrII and BglII sites using the annealed oligonucleotides AvrII-BglII-F and BglII-AvrII-R. The HDE was PCR generated with flanking 5Ј AvrII and 3Ј BglII sites and subcloned into the same sites in pUC18-R-R lacZ -R to generate pUC18-rpA1-lacZϩHDE. (v) R-R R HORF3 -R, and pBAAK-R-R HORF4 -R. The use of flanking XhoI sites in the primer sequences introduced amino acids VE at the 5Ј junction between rpA1 and Hsp83 coding sequences (i.e., at the 5Ј collapsed SalI site) and amino acids LD at the 3Ј junction between Hsp83 and rpA1 coding sequences (i.e., at the preserved SalI site). These insertions maintained both the rpA1 and Hsp83 reading frames.
(vi) R-R HORF4-X -R. Six overlapping subfragments (ϳ120 nt each) of the HORF4 coding region were PCR generated using Taq polymerase (Amersham) and flanked with XhoI sites (fragment 4-7 was synthesized using Elongase [Invitrogen] ). The vector pCSR4-H-H-H was used as the template (see "P-element transformation" below for construction of pCSR4 vectors). These six fragments overlap by ϳ20 nt with one another and were named HORF4-1 through HORF4-6 shifting 5Ј to 3Ј along the HORF4 region. The primers Xho-HORF4-F and Xho-HORF4-1-R were used for generating HORF4-1. The primers Xho-HORF4-n-F and Xho-HORF4-n-R were used to generate HORF4-n, where 2 Յ n Յ 5. The primers Xho-HORF4-6-F and Xho-HORF4-R were used for generating HORF4-6. The HORF4 coding region was also subdivided into two larger overlapping fragments that were ϳ320 nt each and contained a ϳ20-nt overlap. These subfragments were named HORF4-7 and HORF4-8 (with the former representing the 5Ј-most fragment of the HORF4 region), were also PCR generated via Taq polymerase (Amersham), and were flanked with XhoI sites. The primers Xho-HORF4-F and Xho-HORF4-3-R were used for generating HORF4-7, and the primers Xho-HORF4-4-F and Xho-HORF4-R were used for generating HORF4-8. Each XhoI-digested PCR fragment was cloned into the unique SalI site contained within the rpA1 ORF of pBAAK-R-R-R to generate the following constructs: pBAAK-R-R HORF4-1 -R, pBAAK-R-R HORF4-2 -R, pBAAK-R-R HORF4-3 -R, pBAAK-R-R HORF4-4 -R, pBAAK-R-R HORF4-5 -R, pBAAK-R-R HORF4-6 -R, pBAAK-R-R HORF4-7 -R, and pBAAK-R-R HORF4-8 -R. The use of flanking XhoI sites in the primer sequences introduced amino acids VE at the 5Ј junction between rpA1 and Hsp83 coding sequences (i.e., at the 5Ј collapsed SalI site) and amino acids LD at the 3Ј junction between Hsp83 and rpA1 coding sequences (i.e., at the preserved SalI site). These insertions maintained both the rpA1 and Hsp83 reading frames.
(vii) R-R-R
HORF4
. The HORF4 fragment was inserted in both sense and antisense orientations at two different unique restriction sites within the rpA1 3Ј UTR in the vector pBAAK-R-R-R. The HORF4 fragment was generated by Elongase PCR (Invitrogen) and was flanked either with AatII sites using primers Aat-HORF4-F and Aat-HORF4-R or with FseI sites using primers Fse-HORF4-F and Fse-HORF4-R. The vector pCSR4-H-H-H was used as the PCR template (see below for construction of pCSR4 vectors). These two fragments were digested with their appropriate restriction enzymes, i.e., either digested with AatII and subsequently ligated into the AatII site in pBAAK-R-R-R (which is immediately following the stop codon) or digested with FseI and subsequently ligated into the FseI site just upstream of the poly(A) signal in the rpA1 3Ј UTR in pBAAK-R-R-R. This resulted in the construction of pBAAK-R-R-R sHORF4(Aat) , pBAAK-R-R-R asHORF4(Aat) , pBAAK-R-R-R sHORF4(Fse) , and pBAAK-R-R-R asHORF4(Fse) . ⌬HORF4ϩlacZ -H, a 528-nt lacZ ORF fragment that contained flanking 5Ј Bsu36I and 3Ј AatII sites was PCR generated using Taq polymerase (Amersham) and primers LacZ-Bsu-F and LacZ-Aat-R. This PCR lacZ fragment and the vector pBAAK-H-H-H were both digested with Bsu36I and AatII and ligated together to generate pBAAK-H-H ⌬HORF4ϩlacZ -H. The lacZ PCR fragment was partially digested with Bsu36I, as it also contains a Bsu36I site internal to the primer sequences, and thus, the full-length lacZ fragment was maintained. The construct Hsp83-lacZ (H-H ⌬1.8kbϩlacZ -H) has been previously described (4, 10) . Briefly, the Hsp83 5Ј genomic region, 5Ј UTR, intron, and first 333 nt were fused to a 603-nt truncated fragment of the lacZ ORF. The 3Ј end of the lacZ ORF was flanked with AatII and KpnI sites in which the same AatII-KpnI fragment described for the generation of H-H-H was used to insert the full-length Hsp83 3Ј UTR and downstream genomic region. Thus, this construct created a ϳ1.8-kb deletion of the Hsp83 ORF which was replaced with a lacZ fragment. The lacZ fragment did not, however, contain a stop codon and thus allowed translation to proceed into the Hsp83 3Ј UTR.
Translation constructs. Oligonucleotide pairs were annealed and inserted at the unique BsiWI site within the Hsp83 5Ј UTR of pCSR4-H-H-H. All oligonucleotide duplexes maintained the 5Ј BsiWI site but eliminated the 3Ј BsiWI site when inserted into BsiWI-digested pCSR4-H-H-H. For the generation of the H hairpin -H-H construct, the 75-nt oligonucleotides Hsp83-5ЈHP-F and Hsp83-5ЈHP-R were designed to include the strong hp7 hairpin sequence (20, 29) and annealed according to the Promega protocol for cloning a hairpin insert into pGeneClip vectors (Promega). These oligonucleotides contained NotI sites immediately internal to the BsiWI sites and also introduced a unique SacII site into the vector. H random -H-H was produced by inserting the BsiWI-digested product of an Elongase PCR-amplified fragment of pCSR4 using the oligonucleotides Bsi-CSR-F and Bsi-CSR-R into the BsiWI site of pCSR-H-H-H. The 75-nt random sequence from the pCSR4 vector introduced an additional HindIII site which aided detection of positive transformants.
pUASP-SMG rescue constructs. The generation of the SMG RBD point mutation A642H has been previously described (2) . Both wild-type and point-mutated (A642H) smg cDNA fragments containing the ORF and 3Ј UTR were cloned into the pUASP vector (27) .
H-H 8xSRE(-) -H. Four overlapping fragments of the Hsp83 ORF were PCR generated using Accuprime Pfx (Invitrogen). The vector 4xSRE Ϫ pCSR4-H-H-H (30) was used as the template. The primers Apa-HORF1-F and H-SRE 3&4-R were used to generate 1.1614, H-SRE 3&4-F and H-SRE 6-R were used for 1567.1953, H-SRE 6-F and H-SRE 8-R were used for 1929.2100, and H-SRE 8-F and Hsp83 3U100-3H were used for 2095.3U-100. Accuprime Pfx, primer Apa-HORF1-F, Hsp83 3U100-3H, and 1 l of each gel-purified fragment were used to PCR generate 8xSRE(-) Hsp83 ORFϩ3U-100. Gel-purified PCR fragment was cloned into the pCR21.TOPO vector. ApaI-and AatII-digested 8xSRE(-) HORF fragment was subcloned into the same site in pBAAK-H-H-H to replace the wild-type HORF and generate the 8xSRE(-) pBAAK-H-H-H, the mRNA from which is referred to in the text as H-H 8xSRE(-) -H. P-element transformation. All NotI-KpnI inserts from the pBAAK vectors described above (i.e., containing the 5Ј, p53 tag, ORF, and 3Ј fragments) were then subcloned into pCSR4 (39) at NotI/KpnI sites. All inserts were sequenced in pBAAK and/or pCSR4 vectors (except for the full-length p53-tagged Hsp83 construct, H-H-H, which was tested for its ability to rescue an Hsp83 RNA null mutation and for wild-type mRNA decay kinetics [30] ). The BamHI fragment from rpA1-lacZ in pBluescript-SK was subcloned into pCSR2 (39) at the BamHI site, while the BamHI fragment of rpA1-lacZϩHDE (R-R lacZ -R HDE ) in pUC18 was subcloned into pCSR4 at its BamHI site. Germ line transformants were recovered using standard methods (28) .
Northern, RNA dot blot, and real-time RT-PCR analysis. Fertilized embryo and unfertilized egg collections were performed at 25°C as previously described (4) . Unfertilized eggs were derived from adult virgin females mated to T(Y,2) sterile males. RNase H cleavage assays, Northern blotting, and RNA dot blotting techniques were performed as previously described (4, 30) . Briefly, total RNA was extracted from eggs/embryos collected at various time periods after egg lay (AEL) by homogenizing it in Trizol (Invitrogen) containing 250 g/ml glycogen and following standard reagent protocols. For Northern blot analyses, samples containing either an equivalent number of eggs/embryos or an equivalent amount of total RNA were electrophoresed using 1% agarose-formaldehyde gels in 1ϫ morpholinepropanesulfonic acid (MOPS) buffer and transferred overnight onto Hybond-N nylon membranes. For RNase H cleavage assays, samples containing 10 g of total RNA were incubated with the oligonucleotide Hsp83ORF.3 (for detection of H-H-H ⌬HDE mRNA) or the oligonucleotide p53-Apa24.3 (for detection of R-R-R mRNA) in the presence of RNase H according to standard methods (15). Cleaved RNA samples containing H-H-H ⌬HDE mRNA were run on a 4% denaturing urea-polyacrylamide gel and electrotransferred overnight using the Trans-blot cell (Bio-Rad Laboratories) at 30 V while R-R-R mRNA samples were resolved using a 1.2% agarose-formaldehyde gel and transferred as described above. For RNA dot blots, total RNA was extracted from single embryos and blotted directly onto Hybond-N membrane in SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) buffer using the Schleicher & Schuell Minifold-I dot blot system according to the manufacturer's protocol (Schleicher & Schuell). All blots were UV cross-linked, hybridized overnight with randomprimed radiolabeled probes, and exposed to a storage phosphor screen, which was then scanned using the STORM860 (Molecular Dynamics) phosphorimager. Quantification was performed using Imagequant software (Molecular Dynamics) and Excel (Microsoft Office). Real-time reverse transcription-PCR (RT-PCR) was performed as described previously (30) .
To detect H-H 8xSRE(-) -H transcripts, a 19-base locked nucleic acid (LNA) probe specific to the sequence encoding the p53 tag was synthesized (5Ј-CCA CCA CGG AGT GGC GGC C-3Ј, where underlines indicate locked bases; the 3Ј end was modified with digoxigenin). Gel running and transfer steps for RNA VOL. 28, 2008 SMAUG-DEPENDENT Hsp83 mRNA DESTABILIZATION 6759
on November 4, 2016 by guest http://mcb.asm.org/ were performed as described above. Hybridization followed the Exiqon microRNA LNA probe Northern protocol. Briefly, the membrane was prehybridized in RNA hybridization buffer (50% formamide, 0.5% sodium dodecyl sulfate [SDS], 5ϫ SSPE [1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA (pH 7.7)], 5ϫ Denhardt's solution, and 20 g/ml sheared, denatured, salmon sperm DNA) for 30 to 60 min. Forty-eight picomoles of p53-LNA probe was heated for 1 minute at 95°C before being added to 7 ml hybridization buffer. The membrane was hybridized overnight with the LNA probe at 45°C in the same solution. After hybridization, membranes were washed with 2ϫ SSC-0.1% SDS at 45°C twice for 5 minutes, then with 0.1ϫ SSC-0.1% SDS at 59°C twice for 10 minutes. The digoxigenin luminescent detection kit (Roche 1363514) was used following Roche's protocol. Briefly, the membranes were blocked and incubated with antidigoxigenin-alkaline phosphatase antibody and then developed with CSPD. Membranes were exposed to an imaging device or to X-ray film. Quantification was performed using Imagequant software and Excel (Microsoft Office).
Real-time RT-PCR was performed as described previously (30) . Embryos were disrupted in a minimal volume of buffer A (150 mM KCl, 20 mM HEPES, pH 7.4, 1 mM MgCl 2 , 1 mM dithiothreitol [DTT], 1 mM aminoethylbenzenesulfonyl fluoride, 2 g/ml leupeptin, 2 g/ml pepstatin, 2 mM benzamidine). After centrifugation the supernatant was supplemented with glycerol to a final concentration of 10%, and 9 M urea (supplemented with 1 mM DTT, 1 mM aminoethylbenzenesulfonyl fluoride, 2 g/ml leupeptin, 2 g/ml pepstatin, 2 M benzamidine) was added to 75 l of extract to a 2 M final concentration. The extract was recentrifuged and added to 5 l of protein G beads carrying either rat anti-SMG antibody or normal rat serum. Beads were incubated for 2 h at 4°C and washed several times in buffer A supplemented with urea. RNA was then purified from the beads using Trizol reagent (Invitrogen) and reverse transcribed using random primers and Superscript II (Invitrogen). Samples were subjected to real-time PCR using Sybr green master mix and the ABI Prism 7900 sequence detection system (Applied Biosystems).
Western blot analysis. Western blot analyses were carried out as previously described (30) . Briefly, eggs/embryos were dechorionated in 50% bleach, rinsed and homogenized in lysis buffer (150 mM NaCl, 50 mM Tris, pH 7.5, 1% NP-40, 1 mM DTT, 1ϫ EDTA-free protease inhibitor cocktail [Roche]), incubated on ice for 5 min, and then centrifuged for 5 min at 12,000 ϫ g at 4°C. The supernatant was combined with 2ϫ SDS loading dye, loaded, and subjected to SDSpolyacrylamide gel electrophoresis (7.5% acrylamide). The Bio-Rad Trans-blot SD semidry transfer cell was used to transfer proteins to a polyvinylidene difluoride membrane (Invitrogen). Blots were blocked in 1% skim milk powder before incubations with primary and secondary antibodies. Primary antibodies used were mouse monoclonal anti-p53 at 1:1,000 (Santa Cruz Biotechnology; SC-99), guinea pig polyclonal anti-SMG at 1:10,000 (35) , and guinea pig polyclonal anti-DDP1 at 1:10,000 (24, 35) . Secondary horseradish peroxidase-conjugated antibodies were used at 1:5,000 (Jackson ImmunoResearch Laboratories, Inc.). Chemiluminescence was detected using Pierce enhanced chemiluminescence Western blotting reagent and standard X-ray film.
RESULTS
The Hsp83 ORF functions as a transcript instability element. To map cis-acting instability elements in the Hsp83 mRNA, chimeric transgenes were constructed, each containing combinations of the 5Ј UTR, ORF, and 3Ј UTR of Hsp83 and rpA1, a highly stable mRNA. The constructs are listed in Table  1 ; these, and additional ones used in subsequent experiments, encoded a five-residue p53 epitope tag immediately after the amino-terminal methionine unless otherwise noted. The stability profiles of the hybrid mRNAs were examined using Northern blot assays of total RNA extracted from staged unfertilized eggs laid by transgenic females at 0 to 2, 2 to 4, and 4 to 6 h AEL, thus enabling us to assess the role of the cis elements in the maternally encoded transcript degradation pathway.
The control rpA1 transgenic transcript, R-R-R (where the first letter denotes the source of the 5Ј UTR, the second the source of the ORF, and the third the source of the 3Ј UTR), was highly stable, although less so than endogenous rpA1 mRNA (Table 1 ) (for endogenous rpA1, 95% Ϯ 21% of the transcripts remained at 4 to 6 h AEL, while for R-R-R 74% Ϯ 5% remained). The R-H-R and R-R-H constructs were used to assess whether the Hsp83 ORF or Hsp83 3Ј UTR, respectively, was sufficient to destabilize rpA1 mRNA while R-H-H and H-H-R were used to ask whether the corresponding regions were necessary for Hsp83 mRNA decay. For technical reasons, the sufficiency of the Hsp83 5Ј UTR could not be assayed in these experiments (see footnotes to Table 1 ); however, our subsequent experiments showed definitively that the 5Ј UTR is not required for destabilization. Since 26% Ϯ 5% of R-R-R mRNA was degraded by 4 to 6 h AEL, throughout this study we have used the following terminology to describe the results: instability was defined as "strong" if Ͼ50% of the mRNA was eliminated by 4 to 6 h AEL, "weak" if 30 to 50% was eliminated, and "none" if Ͻ30% was eliminated.
The extent of mRNA destabilization produced by the necessity constructs, R-H-H (78% Ϯ 7% degraded by 4 to 6 h AEL) and H-H-R (88% Ϯ 4% degraded), was strong and comparable to that observed for endogenous Hsp83 mRNA (92% Ϯ 6%) ( Table 1) . With respect to sufficiency, the Hsp83 ORF inserted into R-H-R was sufficient to strongly destabilize the hybrid transcripts, eliminating 72% Ϯ 7% of the transcripts by 4 to 6 h AEL. In contrast, the effects of the Hsp83 3Ј UTR on R-R-H were weak, eliminating 36% Ϯ 15% of transcripts by the same stage. The region common to all of the hybrid transcripts that exhibited strong destabilization is the Hsp83 ORF, consistent with the hypothesis that the ORF contains one or more transcript instability elements. The data are also consistent with the possibility that the 3Ј UTR contains a weak instability element.
We note that an alternative to the "instability element" interpretation presented here is that the rpA1 mRNA houses stabilization elements. For example, the R-H-R transcript could be unstable due to loss of such elements. rpA1 has been used previously as a backbone with which to map instability elements within the bicoid and fushi tarazu mRNAs (17, 19, 26, 34) . Since the bicoid and fushi tarazu instability elements function in the presence of the rpA1 5Ј UTR and/or ORF, we favor-and subsequent experiments presented below support-the interpretation that the Hsp83 mRNA contains instability elements. A 615-nt HIE resides within the ORF. To refine the mapping of the strong instability element(s) within the Hsp83 ORF, four overlapping fragments that together spanned the entire 2,154 nt were inserted in frame into the ORF of R-R-R (Fig. 1A) . These fragments were each ϳ615 nt long and overlapped by ϳ100 nt. The stability of the resulting hybrid mRNAs was assayed in unfertilized eggs as described above. The fourth fragment, HORF4, was sufficient to strongly destabilize R-R-R mRNA, eliminating 68% Ϯ 1% of transcripts by 4 to 6 h AEL, while the other fragments-HORF1 (12% Ϯ 14%), HORF2 (25% Ϯ 6%), and HORF3 (15% Ϯ 9%)-had no significant destabilizing activity (Fig. 1B and C) . That all four fragments of the Hsp83 ORF were inserted at the same site within the R-R-R ORF and yet only HORF4 destabilized the hybrid mRNA supports the hypothesis that the instability of R-R HORF4 -R transgenic mRNA is due to the presence of the HORF4 sequence and not to an effect of the insertion site.
Consistent with this conclusion, insertion of a piece of the lacZ ORF into this same site did not significantly destabilize the mRNA (see R-R lacZ -R below and Fig. 4I and J ). These results demonstrate that the Hsp83 ORF houses a strong instability element within its 3Ј-most region (viz., nucleotide positions 1537 to 2154 in reference to the published Drosophila Hsp83 cDNA sequence [6] ). Since there was a ϳ100-nt overlap between HORF3 and HORF4, and HORF4 but not HORF3 could trigger strong destabilization, the major instability element is likely to reside within the last 516 nt of the Hsp83 ORF. However, since we cannot rule out the possibility that the 3Ј limit of HORF3 fragment disrupts an instability element that spans this boundary, we have called the entire 615-nt HORF4 fragment the HIE. The identification of the HIE is consistent with a conclusion reached above: that a major instability element resides within the Hsp83 mRNA coding region. Furthermore, if there are stabilization elements present within the rpA1 transcript, the HIE is able to override their stabilizing functions.
To dissect the HIE further, six subfragments spanning the entire HIE were generated and named HORF4-1 through HORF4-6 ( Fig. 2A) . These subfragments were each ϳ120 nt long with an ϳ20-nt overlap and were inserted into R-R-R as described above. In addition, two larger subfragments of the HIE, which were each ϳ320 nt long with ϳ20 nt of overlap, were inserted in frame into the R-R-R ORF (HORF4-7 and HORF4-8) (Fig. 2A) . None of the subfragments of the HIE was capable of recapitulating the strong destabilization accomplished by insertion of the entire HIE (Fig. 2B and C) . A weak destabilizing effect was observed by 4 to 6 h upon insertion of HORF4-1 (50% Ϯ 5% mRNA eliminated), HORF4-6 (39% Ϯ 20% eliminated), HORF4-7 (34% Ϯ 5% eliminated), and HORF4-8 (33% Ϯ 9% eliminated). Transcripts carrying HORF4-2, HORF4-3, HORF4-4, and HORF4-5 were stable since only 16% Ϯ 7%, 13% Ϯ 5%, 10% Ϯ 4%, and 21% Ϯ 11% of the respective transcripts were eliminated by 4 to 6 h AEL. The inability to uncover a single subfragment of the HIE that produced a strong decay profile resembling that of the entire HIE, along with the weak destabilizing effect of several subfragments, suggests that the HIE contains two or more subelements that function in combination, possibly additively, to mediate strong transcript degradation. The weak destabilizing activity of HORF4-1 and HORF4-6 supports the notion that most of these subelements reside toward the ends, rather than the central region, of the HIE. Consistent with this hypothesis, weak degradation was also induced by each of the larger subfragments, HORF4-7 and HORF4-8, which include HORF4-1 and HORF4-6, respectively.
The HIE is not necessary for the destabilization of fulllength Hsp83 mRNA. To assess the role of the HIE in the context of the Hsp83 mRNA, we constructed a transgene, H-H ⌬HORF4 -H, in which the majority of the HIE was removed (i.e., the 3Ј-most 528 nt of the 615-nt HIE) (Fig. 3A) . To ensure that any observed instability was not a consequence of shortening the length of the ORF, a "substitution" construct was also made, in which the deleted 528 nt were replaced with 528 nt of the lacZ coding sequence fused in frame to the Hsp83
ORF (H-H
⌬HORF4ϩlacZ -H) (Fig. 3A ). Both the H-H ⌬HORF4 -H and H-H ⌬HORF4ϩlacZ -H transgenic mRNAs were strongly unstable: 78% Ϯ 13% of the H-H ⌬HORF4 -H transcripts were eliminated by 4 to 6 h AEL while 78% Ϯ 0% of H-H ⌬HORF4ϩlacZ -H transcripts were eliminated ( Fig. 3B  and C) . Thus, the 528-nt fragment of the HIE is not necessary for H-H-H mRNA degradation, likely because of additional instability elements elsewhere in the Hsp83 mRNA.
To assess the necessity of the HIE in the absence of additional Hsp83 mRNA instability elements, we next examined the 528-nt deletion of the HIE within the context of the R-H-R transgene, which lacks the Hsp83 5Ј UTR and 3Ј UTR (Fig.  3A) . Transgenic R-H ⌬HORF4 -R transcripts were substantially stabilized relative to R-H-R but did remain weakly unstable (39% Ϯ 3% eliminated versus 72% Ϯ 7%, respectively) ( Fig.  3B and C) .
Together, our results support the hypothesis that the HIE is a major instability element that can function to strongly destabilize an otherwise stable mRNA (R-R-R). The weak instability of R-H ⌬HORF4 -R mRNA is consistent with additional, minor instability elements residing in the undeleted part of the Hsp83 ORF. Furthermore, the fact that the HIE is necessary to mediate strong degradation in the R-H-R context but not in the full-length H-H-H context is consistent with additional
FIG. 3. The HIE is not necessary for destabilization of full-length Hsp83 transgenic mRNA but is required for the destabilization of R-H-R transgenic mRNA. (A) Schematic representation of necessity constructs. These constructs all contained a deletion within the Hsp83 coding sequence that removes the majority of the HIE (the 5Ј-most 87 nt of HIE are still present). This 3Ј-most 528-nt region of the Hsp83 coding sequence was deleted within full-length H-H-H (top), was replaced with 528-nt lacZ coding sequence within full-length H-H-H (middle), and was deleted within the transgenic construct R-H-R (bottom). (B) Northern blot analysis of H-H ⌬HORF4 -H, H-H ⌬HORF4ϩlacZ -H, and R-H
⌬HORF4
-R mRNAs in unfertilized eggs. H-H
⌬HORF4 -H and H-H ⌬HORF4ϩlacZ -H mRNAs were detected by probing for the p53 sequence, and rpA1 mRNA was used as a loading control. For R-H ⌬HORF4 -R, probing was with the rpA1 3Ј UTR, which detected both the transgenic mRNA and the loading control, rpA1. (Table 1) . A large deletion in the Hsp83 ORF substantially stabilizes the mRNA. Given the inference that weak instability elements might reside in the Hsp83 ORF upstream of the HIE, we next assessed whether a large deletion within the ORF would stabilize the mRNA to a greater extent than deletion of the HIE alone. We previously reported that an Hsp83-lacZ hybrid mRNA containing the Hsp83 5Ј UTR, the first 333 nt of the ORF (fused in frame to a fragment of the lacZ ORF), and the full-length Hsp83 3Ј UTR is unstable in early embryos (4) . To assess whether this 1,821-nt deletion, which removes more than 80% of the ORF, affects transcript stability via the maternal decay pathway, we examined the Hsp83-lacZ reporter mRNA-here renamed H-H ⌬1.8kbϩlacZ -H to be consistent with the nomenclature used in the present study-in unfertilized eggs and found that it was partially stabilized (Fig. 4E and  F) : at 2 to 4 h AEL, 79% Ϯ 10% of H-H ⌬1.8kbϩlacZ -H mRNA remained compared to 14% Ϯ 3% of endogenous Hsp83 transcripts while, by 4 to 6 h, 31% Ϯ 3% of H-H ⌬1.8kbϩlacZ -H transcripts remained compared with only 2% Ϯ 1% of endogenous transcripts. Thus, deletion of most of the Hsp83 ORF, including the HIE, substantially (but incompletely) abrogates mRNA degradation via the maternal decay pathway.
The fact that H-H ⌬1.8kbϩlacZ -H transcripts were partially stabilized relative to H-H ⌬HORF4 -H and H-H ⌬HORF4ϩlacZ -H transcripts is consistent with the hypothesis that instability elements additional to the HIE reside in the more-5Ј region of the Hsp83 ORF. The fact that the H-H ⌬1.8kbϩlacZ -H transcript was only weakly stabilized is consistent with additional instability elements mapping in the 3Ј UTR.
An auxiliary instability element-the previously identified HDE-resides in the Hsp83 3 UTR. We previously reported that deletion of a 97-nt region within the 407-nt 3Ј UTR of Hsp83-the HDE-within the context of the H-H ⌬1.8kbϩlacZ -H reporter mRNA (i.e., H-H ⌬1.8kbϩlacZ -H ⌬HDE ) resulted in strong stabilization of this mRNA in unfertilized eggs (4). The HDE is, however, not necessary for degradation of Hsp83 transcripts: deletion of the HDE in the context of a full-length Hsp83 transgene (H-H-H ⌬HDE ) had no effect on transcript destabilization ( Fig. 4A and B) . That the HDE is not required for the decay of the Hsp83 transcripts is consistent with our finding that H-H-R transcripts, in which the entire Hsp83 3Ј UTR was replaced, remained highly unstable (Table 1) .
We next assayed whether simultaneous deletion of the HIE and HDE (H-H ⌬HORF4 -H ⌬HDE ) had an effect on stability. Our results clearly indicated that there is no difference between the decay kinetics of H-H ⌬HORF4 -H and those of H-H ⌬HORF4 -H ⌬HDE transcripts: in the case of H-H ⌬HORF4 -H, 22% Ϯ 13% of transcripts remained while, for H-H ⌬HORF4 -H ⌬HDE , 21% Ϯ 0% remained at 4 to 6 h AEL compared with Ͻ10% of endogenous mRNA (Fig. 4C and D) .
As described in the previous section, transcripts carrying the large, 1.8-kb ORF deletion, H-H ⌬1.8kbϩlacZ -H, are weakly stabilized, with 31% Ϯ 3% remaining 4 to 6 h AEL (Fig. 4E and  F) . However, together with the HDE deletion (H-H ⌬1.8kbϩlacZ -H ⌬HDE ), these were strongly stabilized with 66% Ϯ 4% remaining at 4 to 6 h AEL ( Fig. 4G and H) .
Together, these data support the hypothesis that several instability elements for Hsp83 mRNA-including a major element, the HIE-reside in its ORF and that the 3Ј-UTR-located HDE functions as an auxiliary instability element whose role is revealed only in the context of a sensitized transcript in which most, but not all, of the ORF-located elements are deleted.
The sufficiency experiments documented above are consistent with the hypothesis that the HDE is an auxiliary instability element, since weak destabilization was observed for R-R-H transgenic mRNA (Table 1) . To specifically address the role of the HDE in mediating this destabilization, we inserted the HDE into the 3Ј UTR of a transgene, R-R lacZ -R, which comprises full-length genomic rpA1 with a portion of the lacZ ORF inserted in frame into the rpA1 coding sequence (to distinguish the transgenic transcripts from endogenous ones). R-R lacZ -R was stable, with only 14% Ϯ 20% eliminated by 4 to 6 h AEL (Fig. 4I and J) . Insertion of the HDE (R-R lacZ -R HDE ) had a weak destabilizing effect: 37% Ϯ 14% of transgenic mRNA was eliminated by 4 to 6 h AEL (Fig. 4I and J) , essentially identical to that seen for R-R-H (36% Ϯ 15% eliminated) ( Table 1) .
We conclude that the HDE is an auxiliary instability element that functions together with the major instability elements, which are located in the Hsp83 ORF.
Translation of the Hsp83 mRNA and/or of the HIE is not required for transcript destabilization. We showed previously that Hsp83 mRNA is actively translated in early embryos (30) . To investigate whether translation of an Hsp83 transcript is required to trigger its degradation, we inserted a strong, stable hairpin within the 5Ј UTR of the full-length H-H-H transgene (position 18 of the 149-nt-long 5Ј UTR) (Fig. 5A) . The identical hairpin inserted anywhere between a 5Ј cap and an initiation codon has been shown previously to block translation by preventing 40S ribosome subunit scanning in vitro and, thus, to efficiently block translation of c-fos mRNA in mouse NIH 3T3 cells (20, 29) . To control for any potential stabilizing effect of disruption of the Hsp83 5Ј UTR per se, an additional construct was made in which a random sequence of identical length was inserted at the same position (Fig. 5A) . Both of these transgenic transcripts, H hairpin -H-H and H random -H-H, were examined for translational status and stability. Western blot analysis showed that, as expected, H random -H-H mRNA was translated while H hairpin -H-H was not (Fig. 5B) . Thus, the insertion of the hairpin efficiently and specifically blocked translation. We next assessed the decay kinetics of H random -H-H and H hairpin -H-H mRNA ( Fig. 5C and D) . Both mRNAs were rapidly degraded over a 6-hour time course and exhibited decay kinetics similar to those of endogenous Hsp83 mRNA. These results demonstrate that Hsp83 mRNA translation in cis is not required for transcript degradation.
Our results using H hairpin -H-H mRNA suggested that the HIE might not need to reside within the ORF for it to function as an instability element. Constructs were therefore made to assess the position dependence of the HIE by inserting it in both the sense and antisense orientations at two different sites within the 3Ј UTR of R-R-R (Fig. 5E ). In each of these, since the HIE was downstream of the translation stop codon, it was "protected" from ribosome transit. Insertion of the HIE at either site in its sense orientation conferred strong transcript instability: 77% Ϯ 5% of R-R-R sHORF4(Aat) and 77% Ϯ 9% of R-R-R sHORF4(Fse) transcripts were degraded by 4 to 6 h AEL Fig. 5E and F) . In contrast, control antisense HIE insertions caused only 2% Ϯ 30% and 19% Ϯ 27% of the mRNA to be eliminated, respectively, for R-R-R asHORF4(Aat) and R-R-R asHORF4(Fse) mRNAs. Thus, the HIE can mediate transcript degradation even when located in the 3Ј UTR, and ribosome transit through the HIE is not necessary for its function.
We conclude that translation in cis of the Hsp83 mRNA and, specifically, of the HIE is not necessary for transcript degradation and that the HIE mediates transcript decay in a position-independent manner.
The HIE mediates SMG-dependent mRNA degradation. We have shown previously that SMG function is required for destabilization of endogenous Hsp83 mRNA (30) . We therefore next assessed whether HIE-dependent destabilization depends on SMG function. To do so, we determined the degradation profiles of R-R HORF4 -R, R-R-R sHORF4(Fse) , and R-R-R asHORF4(Fse) transgenic mRNA in unfertilized eggs produced by smg mutant females.
The degradation of R-R HORF4 -R and R-R-R sHORF4(Fse) mRNA was severely compromised-in a dose-dependent manner-by loss of SMG (Fig. 6 shows R-R HORF4 -R). In an smg 1 heterozygous background (i.e., in the presence of one dose of the smg ϩ gene), R-R HORF4 -R mRNA was partially stabilized relative to the wild type (55% Ϯ 13% versus 32% Ϯ 1%, respectively, remaining by 4 to 6 h AEL in unfertilized eggs). In an smg 1 homozygous mutant background (i.e., zero doses of the smg ϩ gene), transgenic R-R HORF4 -R mRNA was almost completely stabilized with 89% Ϯ 2% of the mRNA remaining by 4 to 6 h AEL. This is almost identical to the stabilization of endogenous Hsp83 mRNA in 2-to 3-h embryos from smg mutant females, in which 92% Ϯ 4% of endogenous Hsp83 transcripts remain (30) . Likewise, R-R-R sHORF4(Fse) transcripts were stabilized in smg 1 homozygotes (data not shown). We conclude that the HIE functions in an SMG-dependent manner, thus reflecting a true endogenous major instability element.
The HIE directs association with SMG protein. We previously used real-time RT-PCR to show that endogenous Hsp83 transcripts are present in an SMG-containing messenger ribonucleoprotein complex (mRNP): after immunoprecipitation with anti-SMG antibody, Hsp83 transcripts were fivefold enriched relative to normal rat serum; a positive control, nanos, was also fivefold enriched; and a negative control, rp49, was only 1.7-fold enriched (30) . To assess whether the HIE is sufficient to target a hybrid mRNA to the SMG-containing mRNP, here we again used real-time RT-PCR to study the R-R HORF4 -R and R-R-R sHORF4(Fse) mRNAs. We found that the R-R HORF4 -R and R-R-R sHORF4(Fse) transcripts were enriched 3.3-Ϯ 0.5-fold and 5.6-Ϯ 1.2-fold, respectively, while endogenous Hsp83 transcripts were enriched 5.6-Ϯ 0.5-fold and 4.5-Ϯ 0.3-fold and rp49 transcripts were enriched 1.3-Ϯ 0.0-fold and 1.6-Ϯ 0.4-fold in their respective experiments.
We conclude that the HIE can direct transcripts into an SMG-containing mRNP.
SMG's RNA-binding ability is necessary for Hsp83 mRNA destabilization. Alanine 498 of the budding yeast homolog of SMG, VTS1, is found in its RNA-binding domain (RBD) and makes direct contact with the third base in the loop of the SRE (1). A single amino acid mutation (to histidine) of either alanine 498 within the VTS1 SAM domain or the analogous residue within the SMG SAM domain, alanine 642 , completely abolishes the ability of these SAM domains to bind consensus SREs in vitro but does not disrupt protein folding (2) .
To assess whether direct binding of SMG to Hsp83 mRNA is required for transcript destabilization, we therefore made fulllength SMG "rescue" constructs expressing either wild-type protein (SMG WT ) or an A642H mutant protein (SMG RBD , for RBD mutant). Using the modified GAL4/upstream activation transgenic protein were demonstrated by looking at additional p53-tagged constructs such as H-H ⌬HORF4 -H and H-H ⌬HORF4ϩlacZ -H. (C) Northern blot analysis of H hairpin -H-H and H random -H-H mRNA. Transgenic mRNAs were detected using a p53-specific probe, and rpA1 mRNA was used as a loading control. Lanes marked "Ϫ" denote unfertilized eggs lacking any transgene. (D) Quantification of Northern blot data in panel C. Average normalized transgenic mRNA levels from two independently derived transgenic fly lines are shown. The endogenous Hsp83 mRNA decay profile from Fig. 1 is included as a reference. Egg collection time points and normalization were as described for Fig. 1. (E and F) The HIE mediates the decay of stable rpA1 transgenic mRNA in a position-independent but orientation-dependent manner. (E) The HIE was inserted in sense and antisense orientations at two different locations within the rpA1 3Ј UTR (and thus downstream of the stop codon). Northern blot analysis of transgenic mRNAs in unfertilized eggs is shown below the schematic representations (drawn to scale). Blots were probed with the full-length rpA1 3Ј UTR, which detected both transgenic (experimental) and rpA1 (loading control) transcripts. sequence (UAS) system to drive expression of the transgenic mRNAs during oogenesis (27, 41) , we assessed the ability of SMG RBD and SMG WT to rescue the severe Hsp83 mRNA degradation defects observed in smg mutants. In these experiments, because we had shown that Hsp83 mRNA degradation is SMG dependent in both unfertilized and fertilized eggs (30) and the amount of material was limiting, embryos rather than unfertilized eggs were used.
Expression of SMG WT in embryos from smg mutant females fully rescued endogenous Hsp83 mRNA destabilization (Fig.   7A to C, genotype 8). In sibling controls, Hsp83 mRNA decay was observed in smg 1 heterozygous backgrounds (Fig. 7A to C, genotypes 5 and 6), while Hsp83 mRNA was completely stabilized in embryos from smg 1 mutant mothers lacking the SMG WT transgene (Fig. 7A to C, genotype 7) . In striking contrast, embryos expressing SMG RBD failed to degrade endogenous Hsp83 mRNA (Fig. 7A to C ) was compared to that of a mutated SMG construct (SMG RBD ) which contains a single point mutation within the sequence encoding the SMG RBD, which is predicted to abolish SMG's ability to bind its cognate RNA sequence, the SRE. Rescue constructs were expressed using pUASP vectors and were driven via the maternal driver, nosGAL4 (Fig. 7D) ; therefore, the lack of rescue by SMG RBD was not attributable to lower protein levels. The results shown in Fig. 7 derive from single transgenic lines for SMG WT and SMG RBD ; almost-identical results were obtained for two additional transgenic lines for each construct (data not shown). Thus, a point mutation that abrogates the SRE binding ability of SMG also blocks the ability of SMG to mediate Hsp83 mRNA destabilization, consistent with direct binding of SMG to the Hsp83 mRNA being a prerequisite for transcript destabilization.
Simultaneous mutation of all eight computationally predicted SREs in the Hsp83 ORF stabilizes the transcript. SMG recognizes its target mRNAs via stem-loop structures called SREs (12, 32, 33) . Initially, the consensus SRE sequence was defined as either a 4-or a 5-nt loop with the sequence CNGG or CNGGN, respectively, on a nonspecific stem (2, 11) . Four copies of this consensus SRE, present within the ORF of endogenous Hsp83 mRNA, were shown by us to be dispensable since simultaneous mutation of all four elements did not affect transcript instability (30) . Subsequent to those analyses, it was shown that the length of an SRE loop can be increased to 7 nt (CNGGN 0-3 ) and the SRE can remain fully functional (1). In addition, structural analyses revealed that the VTS1 RBD makes contact with the phosphate groups between the third and fourth bases of the stem, suggesting that the length of the stem may also be important for RNA recognition (1) . A computational search of the entire Hsp83 transcript for the revised SRE consensus (CNGGN 0-3 on a stem of at least 4 bp) revealed an additional four predicted SREs within the Hsp83 mRNA. Thus, there are a total of eight predicted SREs in the Hsp83 mRNA: all map within the ORF, six of the eight reside within the HIE, and seven of the eight are removed by the 1.8-kb deletion used in our analyses reported above (in Fig. 9 the four potential SREs that were mutated in our 2005 study are indicated with asterisks; see also Fig. S1 in the supplemental material for the complete sequence of the ORF and location of the SREs).
To assess whether destabilization of Hsp83 mRNA requires binding to these predicted SREs, we constructed a transgene encoding an mRNA-H-H 8xSRE(-) -H-in which all eight sites were mutated simultaneously ( Fig. 8 ; see also Fig. S1 in the supplemental material). In seven out of eight cases, third-base mutations ensured that the transgene retained identical amino acid coding capacity; in one case it was necessary to introduce a conservative substitution (see Materials and Methods and Fig. S1 in the supplemental material).
Northern blot analysis of H-H 8xSRE(-) -H mRNA showed that it was strongly stabilized: by 4 to 6 h AEL in unfertilized eggs 76% Ϯ 27% of transgenic transcripts remained, compared with only 13% Ϯ 4% of endogenous Hsp83 transcripts in controls (Fig. 8) . Strong stabilization also occurred in embryos, with 68% Ϯ 12% of the H-H 8xSRE(-) -H transcripts remaining at 3 to 4 h AEL (data not shown).
Together with our results obtained by point mutation of SMG's RBD, we conclude that SMG interacts directly with the SREs in the Hsp83 ORF to destabilize the mRNA. Since mutation of four out of the eight predicted SREs did not abrogate transcript destabilization (30) while mutation of all eight did, we conclude that SMG is likely to bind to more than four SREs to destabilize the Hsp83 transcript.
DISCUSSION
We have shown here that the Drosophila Hsp83 mRNA contains one major and several minor instability elements that direct transcript degradation upon egg activation via what we previously termed the "maternal degradation pathway" (4). The major instability element (the HIE) resides in the 3Ј-most 615 nt of the ORF but does not require ribosome transit for its destabilizing function. The HIE contains six of the eight predicted SREs in the Hsp83 transcript and is able to direct an mRNA to associate with an SMG-containing mRNP, thus conferring SMG-dependent destabilization on that transcript. Two additional predicted SREs are present outside the HIE, in the more-5Ј part of the Hsp83 ORF. Mutation of the SMG RBD or of all eight SREs results in stabilization of the Hsp83 transcript. Thus, SMG directly interacts with multiple SREs in the Hsp83 ORF to recruit the CCR4-NOT deadenylase and trigger decay. The only previously identified Drosophila transcript shown to be directly bound by SMG is nanos, which has two SREs in its 3Ј UTR (11, 12, 32, 33) . However, precedent for an ORFlocated SRE comes from budding yeast, where it has been shown that the ORF of the NNF1 mRNA contains a single SRE, which confers VTS1-dependent instability (1).
Our analyses have also shown that an auxiliary instability element (the HDE [4] ) resides in the Hsp83 3Ј UTR. The HDE is capable of weakly destabilizing an otherwise stable mRNA (rpA1); however, its role in the context of the Hsp83 mRNA is revealed only in a situation in which more than 80% of the ORF is deleted-including seven of the eight predicted SREs-thus partially stabilizing the transcript and sensitizing it to deletion of the HDE. Mechanism of HIE function. Studies of c-fos and c-myc mRNA decay in mammalian cells and MAT␣1 mRNA decay in S. cerevisiae have provided a detailed mechanistic understanding of how coding region determinants (CRDs) act to destabilize their mRNAs (7-9, 18, 22, 29) . The rapid decay of c-fos mRNA involves the formation of a pre-translation-initiation mRNP that acts to bridge the coding region instability element with the poly(A) tail via the RNA-binding proteins UNR, PABP, PAIP, hnRNP D, and NSAP. Upon ribosome transit, mRNP reorganization permits access of the CCR4-NOT deadenylase to the poly(A) tail, leading to mRNA degradation. In contrast, degradation of c-myc and MAT␣1 mRNAs is due to ribosome pausing at rare codons found in the vicinity of the CRDs. It is believed that ribosome stalling creates a downstream region devoid of ribosomes, which can be accessed by the degradation machinery unless the regions downstream of the rare codons are bound by protective RNA-binding factors.
Translation-independent CRDs, which function either to stabilize or to destabilize mRNAs, have been identified in several transcripts. Stabilizing elements reside in the ORF of the yeast OLE1 mRNA (42) , and destabilizing elements map to the ORFs of mammalian PAI-2 and MnSOD mRNAs (14, 40) . The CRDs in PAI-2 and MnSOD mRNAs do not require ribosome transit and function when inserted into a 3Ј UTR. trans-acting RNA-binding proteins required for the function of the CRDs of PAI-2 and MnSOD have yet to be identified, and their decay mechanisms remain unknown.
Formally, the HIE resembles the PAI-2 and MnSOD CRDs. Maternally loaded Hsp83 mRNA is actively translated in the early Drosophila embryo (30), and we have shown here that a 5Ј UTR hairpin that inhibits translation has no effect on Hsp83 transcript instability. Despite the fact that the HIE maps within the coding region, it continues to function when inserted into a 3Ј UTR. Thus, ribosome transit is not required for HIE function. Below we present a model for the role of the HIEand its resident SREs-in transcript destabilization.
The role of the HDE. Our previous work identified the 97-nt HDE in the Hsp83 3Ј UTR as an instability element that functions in the maternal degradation pathway (3, 4) . We have shown here that these earlier results were a consequence of the use of a reporter mRNA (H-H ⌬1.8kbϩlacZ -H) lacking most of the ORF-located instability elements (seven of eight SREs) and sensitized to deletion of the auxiliary element. Deletion of the HDE in this context (H-H ⌬1.8kbϩlacZ -H ⌬HDE ) thus resulted in strong transcript stabilization while the same reporter without the HDE deletion was only weakly unstable.
Our previous analyses also suggested that the HDE might function both as an instability element and as a translational enhancer (4). We have recently identified a multiprotein complex that binds the HDE and mediates translational enhancement (24) . Three proteins-DDP1, HRP48, and PABP-function together to stimulate translation. To date, none of these proteins has been implicated in the transcript destabilization function of the HDE.
SMG, SREs, and Hsp83 mRNA destabilization. In a previous study we identified and simultaneously mutated four potential SREs in the Hsp83 ORF without affecting transcript destabilization (30) . Identification of those SREs was based on the loop consensus CNGGN 0-1 (2) . More recently, a revised loop consensus sequence (CNGGN 0-3 ) (1) enabled us to identify four additional predicted SREs within the Hsp83 transcript. Thus, there are a total of eight predicted SREs in the Hsp83 mRNA, all in the ORF ( Fig. 9 ; see also Fig. S1 in the supplemental material). Of the large fragments of the ORF that were tested for sufficiency, only HORF4 (the HIE) was able to confer strong instability, and it contains six of the predicted SREs. The other three large fragments (HORF1, HORF2, and HORF3) each contain a single predicted SRE and did not, by themselves, confer instability. Of the subfragments of HORF4 that were sufficient to confer weak instability, two contain three predicted SREs (HORF4-7 and HORF4-8), one contains two predicted SREs (HORF4-1), and one (HORF4-6) carries a single predicted SRE. In contrast, of the four subfragments of ORF4 that were not sufficient to confer instability, three contain a single predicted SRE (HORF4-3, HORF4-4, and HORF4-5) and one (HORF4-2) contains no predicted SRE. Thus, there is a good correlation between the number of predicted SREs in a fragment and its ability to destabilize a hybrid mRNA. Based on this correlation, a plausible hypothesis is that multiple SREs in the Hsp83 mRNA's ORF function together to bind strongly to SMG and recruit the transcript to an SMG-containing mRNP, following which deadenylation by the CCR4-NOT deadenylase triggers decay.
Two complementary approaches were used to prove that SMG binding to multiple SREs in the Hsp83 ORF is required to trigger destabilization. First, a single-amino-acid substitution, A462H, in the RBD of SMG completely stabilized the endogenous Hsp83 mRNA. Second, simultaneous mutation of all eight predicted SREs (without significantly affecting the coding capacity of the ORF) stabilized a transgenic Hsp83 transcript.
The fact that mutation of four of the predicted SREs (two in FIG. 9 . Potential SREs in the Hsp83 mRNA and their relationships to fragments of the ORF that are sufficient to destabilize the rpA1 transcript. The diagrams and color coding are as in Fig. 1 to 4 . Predicted SREs (defined as in the text) are shown at their approximate locations in the Hsp83 mRNA but are drawn larger than scale. Asterisks indicate the predicted SREs that were mutated in our previous study (30) . The braces indicate the 1,821-nt deletion that incompletely abrogates instability of the Hsp83 transcript. The ability of the fulllength ORF and its subfragments to confer instability as defined in Table 1 is indicated to the right: ϩϩ, strong instability element; ϩ, moderate instability element; Ϫ, no destabilizing activity. (30) . In light of this fact, the location of all of the predicted SREs in the Hsp83 ORF rather than its UTRs has mechanistic implications for transcript destabilization since SMG cannot remain bound while a ribosome transits through an SRE. First, it is possible that only a fraction of Hsp83 mRNA is translated in early embryos; thus, most of the maternal Hsp83 transcripts may exist in an untranslated state with SMG bound and, therefore, able to recruit the deadenylase. Alternatively, most Hsp83 transcripts may be translated and their destabilization may result from the distribution of multiple SREs over a large domain rather than clustered as a pair as in the 3Ј UTR of the nanos mRNA (11, 12, 32, 33) . A plausible model is that multiple, widely spaced SREs ensure that some SMG molecules remain bound to an Hsp83 mRNA molecule even as ribosomes transit its ORF. The Hsp83 mRNA could, then, be targeted for deadenylation and decay even though it was simultaneously being translated. Thus, the SREs in the ORF permit transcript destabilization in spite of-but not because of-translation.
